INTRODUCTION
The early origin of microglial cells is still a controversial subject (Cuadros & Navascués 1998) . Some authors sustain that microglial cells originate from precursors of neuroepithelial origin that can also give rise to other glial cell types (Hao et al. 1991 , Fedoroff 1995 , Fedoroff et al. 1997 . However, the most widespread view is that microglial cells derive from mesodermal cells (likely of hematopoietic lineage) that invade the nervous parenchyma (Perry & Gordon 1991 , Ling & Wong 1993 , Cuadros & Navascués 1998 , Stoll & Jander 1999 , Wilms et al. 1999 .
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Boulevard de l'Hôpital, 75651 Paris Cedex 13, France sponsible for microglial turnover and the microglial response to pathological conditions in the adult CNS. Presumably, different mechanisms operate in both phenomena and without further verification it is not possible to apply insights obtained in the adult or postnatal brain to the less mature embryonic nervous tissue. In the latter, the constitution of the microglial cell population involves several steps: (1) entry of microglial precursors from outside the nervous system; (2) dispersion of microglial cells throughout the nervous parenchyma; and (3) differentation of microglial cells. This review will discuss each one of these steps.
ENTRY OF MICROGLIAL PRECURSORS INTO THE DEVELOPING CNS
As noted above most authors believe that microglial precursors originate from cells outside the nervous tissue. These cells have to enter the CNS. When and how do these cells enter the developing nervous tissue? A great increase in the number of microglial cells is detected within the developing CNS of avian embryos (chick and quail) during the second half of the incubation time , Cuadros & Navascués 1998 . Increases in the number of such cells have also been described in rodents during the last days of embryonic life and first days of postnatal life (Milligan et al. 1991 , Perry & Gordon 1991 .
Observations made at these times suggest that microglial precursors use several ways of entry. The first way is from the meninges, by traversing the pial surface. Putative microglial precursors accumulate at some points on both sides of the pial surface (Rio-Hortega 1932 , Boya et al. 1991 , Perry & Gordon 1991 , Cuadros & Navascués 1998 ); many microglial precursors probably enter the nervous parenchyma at these points. In addition to the entry of large numbers of microglial precursors at particular points, isolated cells seem to traverse the pial surface at other locations. The second way of entry of microglial precursors into the nervous parenchyma is from the ventricles, by squeezing between the neuroepithelial cells that line them. In the third way, some circulating blood cells, which would be microglial precursors, leave vessels within the nervous parenchyma by traversing the endothelial wall. It seems that most microglial precursors come from the meninges and the ventricular lumen during embryonic development, and that entry from the blood stream becames more frequent in more mature animals. In the adult brain, which shows features different from those of the developing one, most of the microglial precursors responsible for microglial turnover and response to injury probably enter the CNS from the blood stream. It is reasonable to think that special features in the embryo favour the nervous parenchyma invasion. First, the number of microglial precursors may be higher at embryonic and early postnatal stages, when is thought that most of microglial precursors enter, than at the adult stage. Second, the entry of these precursors may be easier when the CNS is not yet mature, since the blood-brain barrier is not fully developed until several days after hatching in the chick (Stewart & Wiley 1981) or two weeks after birth in the rat (Xu et al. 1993) , after which time most microglial precursors have already entered the CNS.
In addition to these special features, specific factors are likely involved in the recruitment of microglial precursors for entry into the embryonic CNS. Some factors may be released as consequence of phenomena observable at microscopic level, such as cell rearrangements or cell death. Cytokines such as the monocyte chemoattractant protein-1 (MCP-1) recruit monocytes and other leukocytes from the blood stream after injury (Glabinski et al. 1996 , Mallat et al. 1996 , Ivacko et al. 1997 . The role of these and/or other molecules in recruiting microglial precursors during development has yet to be established.
DISPERSION OF MICROGLIAL PRECURSORS WITHIN THE CNS
Once inside the nervous parenchyma, microglial precursors colonize the CNS by two mechanisms: migration and proliferation.
Migration of Ameboid Microglial Cells
Microglial cells become distributed throughout the entire CNS (Perry et al. 1985 , Lawson et al. 1990 by migration of microglial precursors through the nervous parenchyma (Schnitzer 1989; Pearson et al. 1993 , Cuadros et al. 1994 , Navascués et al. 1995 , Wolswijk 1995 , Marín-Teva et al. 1998 from their entry at definite "hot spots" on the pial or ventricular surfaces. If microglial precursors are recruited into the nervous parenchyma directly from circulating blood, they could easily reach their final locations in the CNS by extravasation at these sites.
The fact that regions of high microglial cell density in the mature CNS do not appear to be related to the sites of entry of microglial precursors into the brain during development (Perry & Gordon 1991) suggests that extensive migration of microglial precursors occurs during development. Studies in developing vertebrates have documented long-distance migration of microglial ameboid cells in several CNS regions such as the retina An. Acad. Bras. Ci., (2000) 72 (1) (Navascués et al. 1995 , Diaz-Araya et al. 1995a , 1995b , optic tectum (Cuadros et al. 1994 ) and cerebellum (Cuadros et al. 1997) . Microglial ameboid cells in these regions with layered cytoarchitectonic patterns do not migrate at random but use definite routes to reach their final destinations. Studies of quail CNS serial sections taken at one-day intervals throughout development reveal the existence of two phases in the microglial migration. During the first phase, called tangential migration, ameboid microglial cells migrate parallel to the CNS surface to spread through the full extent of a single layer in each CNS region. In the second phase, microglial cells change their direction to move perpendicularly from the layer in which they migrated tangentially, thus gaining access to different depths in the nervous parenchyma. This phase is called radial migration.
Tangential Migration
Tangential migration of ameboid microglial cells takes place on the end-feet of Müller cells and along the nerve fiber layer in the retina (Navascués et al. 1995 , Marín-Teva et al. 1998 , through the stratum album centrale in the optic tectum (Cuadros et al. 1994) , and along the developing white matter in the cerebellum (Cuadros et al. 1997) . All these regions have axonal fascicles which run tangentially for long distances and pass near the "hot spots" of entry of microglial precursors at some point along their length. Thus, long axonal tracts appear to be oriented pathways used by ameboid microglial cells to spread through the CNS from their entry points.
Several studies have dealt with the mechanism of migration of ameboid microglia within the CNS. Some of them are in vitro approaches to this issue (Booth & Thomas 1991 , Ward et al. 1991 , Abd-El-Basset & Fedoroff 1995 , Haapaniemi et al. 1995 , Brockhaus et al. 1996 but only one (Marín-Teva et al. 1998 ) has shed light on mechanisms involved in long migrations of ameboid microglia in situ. This study showed that the most conspicuous morphological feature of ameboid microglial cells migrating in the vitrealmost part of the developing quail retina is their flattened morphology, with extensive lamellipodia emerging either from the cell body or from cell processes of variable length and closely adhering to the substrate. Nevertheless, these cells had a changing morphology allowing their classification in different morphological types, some of them clearly polarized in the direction of their movement. Analysis of these cell types suggested that the mechanism of migration of ameboid microglia in the developing quail retina includes stages of locomotion similar to those of fibroblasts in culture. These stages consist of the polarized extension of lamellipodia at the leading edge of the cell, strong cell-to-substrate anchorage, translocation of the cell body forward, and retraction of the rear of the cell. Cell-to-substrate anchorage includes two types of attachments: attachments of the lateral surface of both lamellipodia and cell bodies to Müller cell radial processes, and attachments of the vitreal face of the cell (cell body and processes) to the underlying basal lamina through gaps in the carpet of Müller cell end-feet. Morphological evidence of retraction of the rear of the cell is the presence of very thin thread-like processes of variable length projecting from some migrating ameboid microglial cells; strong cell-to-substrate attachments in the trailing part of the cell would offer resistance to cell retraction, giving rise to such thread-like processes.
Non-polarized cells with lamellipodial projections from the cell body radiating in all directions are present in the population of migrating ameboid microglial cells of the developing quail retina, suggesting that microglial cells explore the surrounding environment to orient their movement (Marín-Teva et al. 1998) . During the orientation phase, lamellipodia seem to function as devices for exploring the substrate and recognizing signals that help determine the direction of ameboid microglial cell movement.
When sheets containing the inner limiting membrane covered by a carpet of Müller cell end-feet are obtained from the vitrealmost part of the developing retina many ameboid microglial cells remain attached on them (Marín-Teva et al. 1998 , 1999b demonstrating that they use the Müller cell end-feet An. Acad. Bras. Ci., (2000) 72 (1) as a substrate for tangential migration. Müller cell end-feet form grooves flanked by rows of Müller cell radial processes that are oriented in the same direction as the tangential movement of ameboid microglial cells. In fact, two types of tangential migration of microglial cells occur in the quail retina: central-to-peripheral migration from the optic nerve head (Navascués et al. 1995 , Marín-Teva et al. 1998 and circumferential migration in the margin of the retina (Marín-Teva et al. 1999b ). The orientation of the substrate in nonmarginal areas is different from that in the margin of the retina and cell migration follows the orientation of the substrate in each area. This correspondence suggests that mechanical guidance is involved in the tangential migration of ameboid microglia through the retina. In addition to their role in the mechanical guidance of ameboid microglial cells, Müller cell end-feet may also participate in their adhesive guidance, because adhesion molecules such as N-CAM and laminin are present on Müller cell end-feet of the developing chick and quail retina (Halfter et al. 1987 , Halfter & Fua 1987 .
Müller cell end-feet form a laminar substrate on which ameboid microglial cells migrate in the retina. In contrast, ameboid microglia migrating in other regions of the CNS move in non-laminar environments made of axonal fascicles. Can knowledge on microglial migration obtained from the retina model be extrapolated to other parts of the CNS? We think so, because ameboid microglial cells migrating along axonal fascicles show morphological features similar to those migrating on Müller cell end-feet, i.e. they have a cell body sending out pseudopodia, lamellipodia and occasional filopodia (Rio-Hortega 1932 , Ling 1976 , Boya et al. 1979 , 1991 , Ling et al. 1980 , Murabe & Sano 1982 , Perry et al. 1985 , Ashwell 1990 , Cuadros et al. 1994 , Brockhaus et al. 1996 , Moujahid et al. 1996 and show close contacts with axons . The only difference appears to be that ameboid microglial cells are flattened in the retina while they are rounded in axonal tracts as a result of the non-laminar environment.
Radial Migration
Radial migration of ameboid microglial cells has been reported to occur in the retina (Navascués et al. 1995) , the optic tectum (Cuadros et al. 1994) , and the cerebellum (Cuadros et al. 1997 ) of the quail embryo. In the optic tectum and the cerebellum, ameboid microglia migrate radially towards the pial surface from the stratum album centrale and the white matter, respectively. In the retina, they move from the vitrealmost part, where they were migrating tangentially, towards scleral levels. As a consequence, ameboid microglial cells reach different layers in these CNS parts where they subsequently differentiate. During development of the CNS in rodents, ameboid microglia are first seen in the white matter and then in the gray matter (Perry et al. 1985) suggesting that radial migration through the gray matter also occurs in mammals.
In the quail developing retina, some QH1labeled ameboid microglial cells are oriented perpendicularly to the vitreal surface of the retina and adhere to the radial cell processes of Müller cells, suggesting that they use radially oriented Müller glia as a substrate for radial migration . Other radially oriented glial cells, such as radial glia in the optic tectum or Bergman glia in the cerebellar cortex, might also guide radial microglial migration in these parts of the CNS. Our group detected rows of QH1-labeled ameboid microglial cells on the wall of radially-oriented vessels in the developing brain stem of the quail, strongly suggesting that these microglia are in the process of radial migration along the vessel walls . The optic tectum and the cerebellar cortex also have a system of radially-oriented blood vessels which might provide a substrate for microglial migration.
Radial migration of ameboid microglial cells in the quail retina occurs in two phases (Marín-Teva et al. 1999c) . During the first phase, microglial cells migrate along the nerve fiber layer and the ganglion cell layer to reach the vitreal border of the inner plexiform layer. In the second phase, they mi-grate across the inner plexiform layer and the inner nuclear layer to gain access to the outer plexiform layer. This second phase occurs after a stopover of several days at the vitreal border of the inner plexiform layer that may be related to synaptogenesis in the inner plexiform layer. We do not know whether similar microglial cell stopovers take place during radial migration in other parts of the CNS.
Neuronal Apoptosis and Microglial Cell Migration
The fact that ameboid microglial cells migrate in a stereotyped manner suggests that migration is controlled by specific factors present in the developing CNS. The nature of such factors is not known at present although limited knowledge can be extrapolated from experimental studies in the injured adult brain or from in vitro studies. Thus, chemokines such as MCP-1, macrophage inflammatory protein or fractalkine induce migration and reorganization of the actin cytoskeleton in adult microglia in vitro (Badie et al. 1999; Cross & Woodroofe 1999 , Maciejewski-Lenoir et al. 1999 . Some of these chemokines are released in the injured immature brain (Ivacko et al. 1997 ) but their influence on the migration of ameboid microglial cells in the developing normal CNS has not been determined.
It has been proposed that naturally occurring neuronal death attracts microglial cells in the developing CNS. Therefore, factors released from dying neurons would promote the migration of ameboid microglia. This hypothesis is supported by the chronologic coincidence of neuronal death with the entry of microglial precursors into the nervous parenchyma (Hume et al. 1983 , Perry et al. 1985 , Perry 1987 , Schnitzer 1989 , Ashwell 1990 , 1991 , Perry & Gordon 1991 , Pearson et al. 1993 . In addition, a close physical association between dying neurons and microglial cells is frequently observed in the developing nervous parenchyma (Wong & Hughes 1987 , Ashwell 1990 , 1991 , Ferrer et al. 1990 , Milligan et al. 1991 , Thanos 1991 , Thanos et al. 1996 , Ashwell & Bobryshev 1996 , Egensperger et al. 1996 , Moujahid et al. 1996 . However, this hypothesis is contradicted by the entry of microglial precursors into mammalian retina well before the period of neuronal death (Ashwell 1989 , Ashwell et al. 1989 , Diaz-Araya et al. 1995b ) and by the absence of microglia in some areas of the brain where cell death is present (Milligan et al. 1991 , Rakic & Zecevic 1998 ). In the developing quail retina model, the chronology of entry and tangential migration of ameboid microglial cells is highly coincident with that of cell death in the ganglion cell layer (Marín-Teva et al. 1999c ). However, microglial cells migrate tangentially on Müller cell end-feet (Marín-Teva et al. 1998 ) and there is no colocalization between them and dying ganglion cell bodies, suggesting that the tangential migration of microglial cells is not directly related to neuronal death in the ganglion cell layer. A similar conclusion was drawn in a recent study on rat retina (Garcia-Valenzuela & Sharma 1999) that showed that macrophages invade the nerve fiber layer of the retina after optic nerve axotomy but do not enter into the ganglion cell layer or more scleral layers despite massive ganglion cell death. Nevertheless, it cannot be ruled out that axons of dying ganglion cells transmit signals favoring the migration of microglial cells in contact with them. In summary, the hypothesis that ganglion cell death triggers tangential migration in the developing quail retina is controversial. In contrast, a recent study (Marín-Teva et al. 1999c ) clearly demonstrated that cell death in the inner nuclear layer does not stimulate radial migration of ameboid microglial cells in the quail retina. In fact, microglial cells do not appear to be attracted by dying cells in the inner nuclear layer during their stopover for two or three days at the vitreal border of the inner plexiform layer. On the contrary, microglial cells traverse the inner nuclear layer only after cell death has ceased in this layer, as also occurs after experimentally induced neuronal death in the lizard medial cortex (López-García et al. 1994) .
Proliferation of Ameboid Microglial Cells
Ramified microglia in the adult CNS proliferate at a slow rate (Perry & Gordon 1991, Lawson et al. An . Acad. Bras. Ci., (2000) 72 (1) 1992, ) that dramatically increases upon activation (Streit et al. 1988 , Gehrmann et al. 1995 . Proliferative activity of ameboid microglia also occurs during normal development in the vertebrate CNS (Ling 1981 , Ling & Wong 1993 as shown by reports on mitotic ameboid microglial cells (Ling & Tan 1974 , Schnitzer 1989 , Kaur & Ling 1991 , Wu et al. 1996 . This activity has also been deduced from autoradiographic studies (Imamoto & Leblond 1978 , Kitamura et al. 1984 in the developing corpus callosum of postnatal rats, and from expression of the proliferating cell nuclear antigen (PCNA) in ameboid microglial cells in the embryonic retina of the quail (Marín-Teva et al. 1999a) , in the hippocampus and cerebral cortex of embryonic and postnatal rats (Dalmau 1997) , and in the white matter of the developing spinal cord in the jimpy mouse (Vela-Hernández et al. 1997) .
Our recent study on the developing quail retina (Marín-Teva et al. 1999a ) has shown that migrating ameboid microglial cells enter mitosis. As mitosis advances, microglial cells retract their lamellipodia and become rounded, transiently stopping migration while they go through metaphase, anaphase and early telophase. Before completion of cytokinesis, daughter cells again extend lamellipodia to resume migration. Thus, ameboid microglial cells go through cycles in which migration and mitosis alternate. Cell division of microglial precursors has been also reported to occur in other locations where these precursors are actively migrating (Rio-Hortega 1932) , such as the white matter of the developing quail cerebellum (Cuadros et al. 1997 ) and the developing rat corpus callosum (Ling & Tan 1974 , Kaur & Ling 1991 , Wu et al. 1996 . Therefore, proliferation of ameboid microglia during their migration appears to be a widespread event that contributes to an increase in the number and dispersion of microglial precursors through the CNS during normal development.
Interestingly, the mitotic index of ameboid microglial cells migrating tangentially in the developing retina is high during the early migration of these cells and decreases progressively as development advances (Marín-Teva et al. 1999a ). These results suggest that the proliferation rate of ameboid microglia diminishes with development and becomes very low when differentiation occurs, in agreement with the very slow rate of proliferation of mature microglia (Perry & Gordon 1991 .
Migration/mitosis cycles influence the migratory behavior of ameboid microglia (Marín-Teva et al. 1999a) because both daughter microglial cells resume movement before completion of cytokinesis, and therefore before the centrosome of the trailing daughter cell can migrate toward the opposite cell pole. Thus, one daughter cell continues to migrate in the same direction as before entering mitosis, while the other moves transiently in the opposite direction and then turns back (Marín-Teva et al. 1998 , 1999a .
Proliferation of ameboid microglia is probably controlled by a variety of factors such as the colony stimulating factors (CSF) GM-CSF and CSF-1 (Giulian & Ingemann 1988 , Ganter et al. 1992 , Shafit-Zagardo et al. 1993 , Lee et al. 1994 , Suzumura & Sawada 1996 , Liva et al. 1999 , two microglial mitogens with molecular masses of 50 and 22 kD (Giulian et al. 1991 ), neurotrophin-3 (Elkabes et al. 1996 ), interleukin-4 (Suzumura et al. 1994 ) and interleukin-5 (Ringheim 1995) . These factors have been demonstrated to be present in the CNS during development when ameboid microglia are also present. The influence of these factors on microglial cell proliferation has been shown in vitro but there are no experimental studies that demonstrate it in vivo . In addition, in op/op mice, which are deficient in CSF-1, the number of microglia in the CNS is not affected (Berezovskaya et al. 1995) suggesting that CSF-1 has no influence on microglial proliferation during in vivo development, despite the fact that CSF-1 deficiency inhibits the normal in vitro development of microglia (Blevins & Fedoroff 1995) and the proliferation of activated microglia after axotomy in adulthood (Raivich et al. 1994 ). On the other hand, other factors such as the pigment epithelium-derived factor (Sugita et al. 1997 ), cer-tain corticosteroids (Ganter et al. 1992) , and adrenergic agonists (Fujita et al. 1998) have been shown to inhibit proliferation of microglia in vitro. Therefore, higher or lower proliferation of ameboid microglia during CNS development probably depends on the combined action of various stimulating and inhibiting factors. Further investigation is necessary to elucidate which factors control in vivo the proliferation of ameboid microglial cells during CNS development.
DIFFERENTIATION OF MICROGLIAL CELLS
After reaching their final location, microglial cells progressively acquire a ramified morphology, first becoming intermediate, scarcely ramified microglial cells and finally mature, fully ramified microglia. The morphological differentiation of these cells reflects the change from motile cells to quiescent cells that apparently do not move from their location. This differentiation is accompanied by changes in their immunophenotype: ramified cells are not labeled or are poorly labeled with antibodies that strongly label ameboid microglia (Milligan et al. 1991 , Flaris et al. 1993 , Cuadros & Navascués 1998 . The nature of the factors promoting this differentiation has been extensively studied, mostly using in vitro systems. It has been established that blood serum inhibits the acquisition of a ramified phenotype (Chamak & Mallat 1991 , Perry & Gordon 1991 , Giulian et al. 1995 , Fujita et al. 1996 , although one report maintains that microglial cells do not ramify when serum is absent (Wilms et al. 1997) . Components of the extracellular matrix also seem to affect the ramification of microglial cells: laminin inhibits the appearance of the ramified morphology (Chamak & Mallat 1991 , Giulian et al. 1995 , while fibronectin promotes (Chamak & Mallat 1991) or has no clear effects on it (Giulian et al. 1995) . Other treatments also promote microglial ramification in vitro, as occurs in media with dimethylsulfoxide, retinoic acid (Giulian & Baker 1986), granulocyte/macrophage-colony stimulating factor (Fujita et al. 1996) , and activated astrocyte culture supernatant (Suzumura et al. 1991) . Astrocytes appear to play an important role in determining the mature microglial phenotype, since the coculturing of microglial cells with astrocytes consistently yields high numbers of ramified microglia (Tanaka & Maeda 1996 , Kloss et al. 1997 , Tanaka et al. 1999 .
The above observations were performed in vitro but may provide some insights applicable to the in vivo situation. They strongly suggest that the differentiated state of microglial cells depends on their environment. For example, the influence of serum on microglial ramification has been used to explain why microglial cells in CNS regions that lack a complete blood-brain barrier (which would preclude the interaction with serum proteins) are less ramified than in other regions of the nervous parenchyma (Perry & Gordon 1991) . It has also been stated that ameboid microglial cells appear mainly in white matter regions of the developing brain, whereas microglial cells in neighboring developing gray matter regions are ramified (Cuadros et al. 1994 (Cuadros et al. , 1997 . Another consequence of the environmental control of microglia differentiation is the influence of astrocytes and their released products on the differentiation of microglial cells, which would in part explain why fully ramified microglial cells do not appear until advanced stages of development, when astrocytes are also well-developed. Flaris NA, Densmore TL, Molleston MC & Hickey WF 1993. Characterization of microglia and macrophages in the central nervous system of rats: definition of the differential expression of molecules using standard and novel monoclonal antibodies in normal CNS and in four models of parenchymal reaction.
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